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氢酶催化 H2 ↔ 2H+ +2e-的可逆反应，具有应用于 H2/O2 燃料电池、体外光解水
产氢等催化过程的潜力。 
产酸克雷伯氏菌 HP1 (Klesiella oxytoca HP1) 是一株具有耐氧产氢特性的高
效产氢菌株。本文在对该菌株全基因组测序分析的基础上，构建了氢酶结构大亚
基 hycE 及小亚基 hycG 过表达的重组工程菌株，分析了重组菌株的氢酶活性、产
氢效率及产氢速率。结果表明，在大亚基过表达的重组菌株中，产氢速率和产氢
效率分别提高了 90.5%、93.5%，氢酶放氢活性也提高了 2.1 倍。小亚基过表达使




本论文对 K. oxytoca HP1 氢酶的耐氧性进行了一系列的探究。氨基酸突变分
析和蛋白三维结构模型分析显示，氢酶大亚基蛋白上的一些表面氨基酸，尤其是
位于气体外部通道入口处的氨基酸，对氢酶的耐氧性有至关重要的作用。这些结
果表明 K. oxytoca HP1 氢酶的耐氧性和氧在酶蛋白内部气体通道的进出情况密切
相关，通过 pH、氧浓度等环境因子对氢酶耐氧性的分析证实了这一假设。同时，
被氧失活的氢酶在氧气被移除后能恢复部分活性，表明 K. oxytoca HP1 氢酶的耐
氧性还取决于氧气通过气体通道进入蛋白活性中心与分子氧在活性中心被还原 
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Abstract  
Hydrogen, a clean second energy carrier, was highly concerned due to its friendly 
environmental character and higher combustion value. Biohydrogen has become the 
most advantage research field of bioenergy since it transforms the organic waste into 
clean fule via the microorganism. The method of biohydrogen production includes 
dark-fermentation, photo-fermentation and dark-photo united fermentation. The 
hydrogen is made through the hydrogenase complex in vivo, while the catalysis 
reaction of hydrogenase is reversible in vitro. Therefore, it also displays great 
potential on the application of fule cell and photo-catalysis of water. 
Klebsiell oxytoca HP1 is characterized by oxygen tolerance and higher hydrogen 
yields. In this study, we constructed the over-expression plasmids for hydrogenase 
subunits hycE and hycG based on the genome sequence information. Also, the 
hydrogen production, transformation efficiency and hydrogenase activity were 
determinded. As a result, the data showed that the HMY (hydrogen molar yield) and 
HPR (hydrogen production rate) in K. oxytoca HP1/hycE under anaerobic condition 
increased by 90.5% and 93.5%, respectively. The hydrogenase activity increased to 
2.1 folds, compared with the wild strain. In K. oxytoca HP1/ hycG, HMY, HPR and 
hydrogenase activity increased by 31.7%, 33.3%, 1.55 folds, respectively. Therefore, 
over-expression of hydrogenase subunits may significantly enhance hydrogen 
production in dark-fermentation. The anaerobic HMY of K. oxytoca HP1/hycE 
reached 3.43 mol-H2/mol-glucose, which far exceed the yields of other strains in 
Enterobacteriaceae. Furthermore, under certain oxygen concentration, the natural 
hydrogen-evolving capacity of wild K. oxytoca HP1 was enhanced by over-expression 
of hydrogenase subunits. 
The mechanism of oxygen tolerance of hydrogenase in Klebsiella oxytoca HP1 
was also investigated in this study. Mutational analysis and three-dimensional protein 
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hydrogenase large subunit, in particular the AARs at outer entrance of hydrophobic 
gas channel, had significant effect on oxygen tolerance of K. oxytoca HP1 
hydrogenase. These results suggest that O2-tolerance closely relates with the accessing 
of oxygen in the hydrogenase molecules. This was further verified through examining 
the effects of solution pH and oxygen partial pressure on the hydrogenase oxygen 
tolerance. Furthermore, the oxygen-inactivated hydrogenase can also be partly 
reactivated when the oxygen was removed. Consequently, we proposed that the final 
extent of oxygen tolerance was determined by the balance of oxygen accessing to the 
active sites and the deoxidation rate of the oxidized active center. In addition, A strong 
oxygen tolerant mutation of G300E (Gly300 was replaced with Glu) was developed in 
this study, which provided a promising way to produce oxygen-tolerant hydrogenase 
for catalyzing in fuel cells or hydrogen production by the photolysis of water. 




















煤炭，石油的消费量已达到刚开发时的 100,000 倍，在 2050 年之前被耗尽的说




















































能够用于制氢的微藻，如莱茵衣藻 Chlamydomonas reinhardtii 就是一种人们熟
知的能够产生氢气的微藻，另外绿藻斜生栅藻 Scenedesmus obliquus、海洋绿藻
Chlorococcum littorale、Playtmonas subcordiformis 等都具有产氢的能力。能够产
生氢气的蓝细菌包括固氮菌如鱼腥藻 Anabaena sp (非海洋生物)、海洋蓝细菌颤


















产酸克雷伯氏菌 HP1 氢酶过表达及耐氧机制研究 
 6
 
图 1.1 藻类光解水途径 








光合细菌种类有很多，常见的有 Rhodobacter spheroids、Rhodobacter capsulatus、
Rhodovulum sulf idophilum W21S、Thiocapsa roseopersicina 等。光合细菌没有蓝
细菌和微藻类复杂的代谢背景和光合系统，只有一个光合作用中心，相当于光解
水系统中的PSⅠ[14]。其光合系统及质子传递途径如图1.2所示。 
图 1.2 光合细菌产氢机制 
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